particular, rotation can influence the MHD stability and increase the stabilising effect of a resistive wall [1] . Furthermore, it is believed that the shear in the toroidal velocity component associated with the radial electric field can suppress turbulence and thereby create transport barriers, see e.g. [2, 3] . It is therefore important to investigate mechanisms that can induce plasma rotation.
In present day tokamak experiments, the momentum imparted by Neutral Beam Injection (NBI) induces significant toroidal plasma rotation. However, there is limited scope for controlling the location and direction of the torque. Greater flexibility in this respect could be achieved by absorption of directed (or travelling) waves in the Ion Cyclotron Range of Frequencies (ICRF).
Such waves provide globally much less torque than NBI injected ions. Nevertheless, the peak torque density provided by the waves would not necessarily be small since the power deposition tends to be much narrower for ICRF heating than for NBI. Since the absorption is concentrated to the vicinity of the cyclotron resonance, ω = ω ci (R), of the resonating ion species in the plasma, the spatial location of the peak of the torque density can be varied by changing the frequency (n is the harmonic number of the interaction, and R is major radius of the tokamak). The influence of directed waves has been discussed theoretically in e.g. Ref. [4] . Furthermore, measurements of rotation profiles in plasmas with directed ICRF waves have been reported in [11] . However, the experiments were not designed for detecting the influence of directed waves on rotation. The cyclotron resonance was placed fairly far off-axis and the applied ICRF power was rather low.
Under these conditions the predicted influence on rotation is small, and indeed only very minor differences were detected between plasmas with co and counter current propagating waves.
In this paper we present the first clear experimental evidence for the influence of absorbed wave momentum, carried by ICRF waves, on plasma rotation in a tokamak. Fast resonating ions act like an intermediary in the process, they first absorb the wave momentum, and subsequently transfer it to the bulk plasma via collisions and by being displaced radially. Thus, our results provide evidence for the influence of fast ICRF heated ions on plasma rotation.
The mechanisms behind the transfer of momentum from the waves to the resonating ions and subsequently to the background plasma are briefly summarized below.
An ion absorbing a wave quantum changes its energy by ∆E = ηω, and there is also a concomitant change in its toroidal angular momentum ∆P ϕ = ηk ϕ R = ηN, where N is the toroidal mode number. Equivalently, ∆P ϕ = (N/ω) ∆E. Obviously, the same result can be obtained from combining the equation of motion for a particle with Maxwell's equation. Thus, the rate at which the waves impart toroidal angular momentum to the plasma is given by, Σ (N/ω)P ICRF (N), where P ICRF (N) is the power coupled by the antennas for a toroidal mode number N. The fast ions transfer the momentum to the bulk plasma via two mechanisms, collisions and a radial fast ion current. In the latter case, the plasma strives to preserve quasi neutrality. As a result, the fast ion radial current is compensated for by an opposite current in the bulk plasma, and there is consequently a j × B force on the bulk plasma. One can show that a fast ion current directed outwards produces a counter-current torque on the bulk plasma, whereas an inward fast ion current creates a co-current torque. In the presence of waves directed in the toroidal direction of the plasma current, the wave particle interaction leads to a drift of turning points of resonating trapped ions towards the equatorial plane [5, 6] , and many of these ions will eventually de-trap into co-passing orbits in the potato regime [5, 7, 8,] . Consequently, the momentum imparted to the bulk plasma in this case can be dominated by collisions with co-passing ions in the potato regime and the inward fast ions current of trapped resonating ions. On the other hand, in the case of waves propagating counter to the current, the turning points of resonating trapped fast ions are driven away from the equatorial plane, and the momentum is largely transferred via the associated outward current of fast ions.
Before we turn to the experimental results and their analysis, let us first briefly discuss a few important points concerning the experimental set up and the key diagnostic measurements. The JET tokamak is equipped with four ICRF antennas, and each antenna has four current carrying straps. The currents in the straps can be phased relative to each other, and in the experiments reported here the phase difference between two neighbouring straps was either +90 o or -90 o . The +90 o phasing produces waves propagating predominantly in the co-current direction and -90 o phasing produces waves in the opposite direction. Typical toroidal mode number spectra for +90 o or -90 o phasing can be found in Ref. [9] . The locations of the peaks of these spectra are relatively insensitive to the heating scenario, and they appear roughly at N=±12 for ±90 o phasing.
Thus, given that the toroidal mode number spectrum is relatively fixed, one can maximize the toroidal momentum carried by the waves by using a low frequency scenario. Fundamental minority heating of 3 He in a deuterium plasma, ( 3 He)D (n He /n D~1 -3%) with f =37MHz was chosen for the experiments, the current and field were of 1.8MA and 3.4T, respectively. For these parameters the 3 He cyclotron resonance was located slightly on the high field side (~15cm).
A perturbative technique, in which a diagnostic beam was fired into the plasma for short periods (200ms, so called beam blips), was used to measure the toroidal rotation profile. It was deduced from the Doppler shift of the active charge exchange spectrum for C +6 [10] . As discussed in detail in [11] , by considering only the first spectrum taken after the application of a beam blip, the effects of the perturbation imparted by the injected ions should be small and the measured rotation profile a fair reflection of the profile before the beam blip. Furthermore, we will here chiefly consider differences between discharges. As a result, we are less sensitive to any N ρ ρ perturbations introduced by the diagnostic beam since they would be similar in all the discharges.
The gamma-ray profile monitor installed on the JET tokamak has nine vertical and ten horizontal lines of sight [12] . Is a powerful tool for diagnosing fast resonating ions. Especially reactions produced by fast 3 He ions interacting with carbon and beryllium impurities in the plasma are well established in this respect. For the present experiments, the gamma-ray monitor provided important information on the topological properties of fast ion orbits.
An overview of essential discharge parameters is shown for two discharges, +90 o and -90 o phasing respectively, in Fig.1 . The applied ICRF power, NBI diagnostic blips and plasma central density were virtually equal in the two ICRF only discharges. There are small differences in the stored energies and somewhat larger differences in the central electron temperature. These differences are consistent with an inward/outward drift of the fast ions during heating with +90 o / -90 o phasing [5] [6] [7] [8] . The measured toroidal rotation profiles for the discharges taken at the beginning of the beam blip applied at 51 sec are shown in Fig.2 . The profiles show plasma rotation in the co-current direction. However, there is a substantial difference between them, the discharge with +90 o phasing rotates significantly faster in the co-current direction than the -90 o discharge. Since the +90 o phasing produces waves propagating in the same toroidal direction as the current, this result is qualitatively consistent with a transfer of the absorbed wave momentum from the resonating fast ions to the bulk plasma. To further increase the confidence in the identification of the differences as being due to the absorbed wave momentum, we have added in Fig. 2 the rotation profile from a +90 o discharge where 2MW ICRF power has been replaced by 2MW of Lower Hybrid (LH) power in the high power heating phase. As can bee seen, the rotation profile for this discharge lies in between the other two. The LH waves are directed, but for the same amount of power they only carry about 10% of the momentum of the +90 o ICRF waves. The discharge with 2MW of LH power had a lower stored energy (about 5-10%) than the other two, which is not unexpected since LH heating provides direct electron heating, i.e. no fast ions, and deposes the power further off-axis than the ICRF heating. From these facts we conclude that the stronger central rotation in the +90 o discharge is not due to improved central heating and/or a higher stored energy (otherwise the discharge with LH heating should have rotated less than the -90 o discharge). Thus, we can be fairly confident that the difference in rotation profiles between the +90 o and -90 o ICRF only discharges is due to the absorbed wave momentum and the concomitant differences in the fast ion characteristics. Thus, there is an underlying mechanism giving rise to a co-current rotation, and overlaid on this we have the torque imparted to the plasma by the absorption of wave momentum. The effect of the latter is consistent both passing ions in the potato regime [13] . The presence of such ions is consistent with theoretical expectations [5, 7] . Thus, the theoretical picture discussed above appears to be at least qualitatively correct. The co-current torque in the centre during heating with +90 o phasing is mainly transferred to the bulk plasma by collision with fast passing ions in the potato regime and the inward drift (towards smaller minor radii) of trapped ions, whereas an outward current of trapped ions plays a key role for the counter-current torque during heating with -90 o phasing. It should be noted that ions on co-current passing orbits in the potato regime play an important role also in theories [14] [15] [16] attempting to explain observations [11, [17] [18] [19] [20] [21] ] of co-current toroidal rotation in plasmas with little or no imparted momentum. These theories [14] [15] [16] are based on fast ion effects and often rely on the presence of ions on such orbits for producing the necessary central co-current torque
We have used the SELFO code [22] be clearly identified as being due to co-current passing orbits in the potato regime, indicating how important they can be for providing a central co-current torque.
SUMMARY
In summary, we have presented evidence for ICRF induced bulk plasma rotation during heating with directed waves in the JET tokamak, and we have discussed the key role played by the fast resonating ions in transferring the absorbed momentum to the background plasma. 
